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SUMMARY 
Truncated t racker  e r r o r  models for representing the systematic e r r o r s  
on the Apollo-Saturn AS-501 and AS-502 flight tests are presented. Guidelines 
used in obtaining the truncated e r r o r  models have resulted in generally accept- 
able models for the AS-501 and AS-502 data. 
the models involves establishing the tracker e r r o r s  and then determining, in 
the least squares sense,  functional expressions to describe the established 
e r ro r s .  Although C-band radar  e r r o r  models a r e  used in the TEMS develop- 
ment, the method can be adapted to other types of tracking systems. 
The TEMS method for  determining 
INTRODUCTION 
This report  is one in a continuing series summarizing results from the 
evaluation of tracking system measurement e r r o r s  on the Apollo-Saturn V flight 
tests. The basic concept in the evaluation process is given in the TEMS Multiple 
Regression Analysis Method [ I]. The method inyolves establishing the tracker 
e r r o r s  and then determining, in the least squares sense,  e r r o r  model expres- 
sions to describe the established e r ro r s .  
equations in the method are given by: 
The fundamental observational residual 
vA 
- = A A O  
- vE = A E O  - - - 
Observational Observed Functional 
Residuals Deltas Deltas 
where: 
AE = go + 6Fo + (Fi + 6Fi) el + ( F2 + 6F2) e2 + . . . + ( gm + 6F ) e m m  
and rk, am , and e m 
measurements. The parameter ( o r  coefficient) residual equations are given by: 
a r e  functions of the basic range, azimuth, and elevation 
Parameter Corrections Coefficient A priori  
Residuals Approximations Coefficient 
Values 
W e  then determine the corrections 6Co, 6Ci, . . . , 6Fm, in the least squares 
sense,  and adjust our initial approximations Co, Ci, . . . F N N  N by these amounts. m 
The above TEMS method is used in conjunction with a stepwise regression 
procedure to obtain truncated tracker e r r o r  models for  representing the sys- 
tematic e r rors .  The stepwise regression procedure involves examining at every 
step the variables incorporated into the e r r o r  model in previous steps. 
final regression model results in only the most significant variables being 
retained in the model. Detailed development information can be found in 
Reference 1. 
The 
The IBM 7094 and Univac 1108 computer programs for application of the 
TEMS method and the stepwise regression procedure are discussed in detail in 
Reference 1. The utilization of these two programs to obtain the final TEMS 
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SUMMARY OF APOLLO-SATURN V RESULTS 
THROUGH THE AS-402 LAUNCH 
The Apollo-Saturn AS-502 vehicle was launched at 07:OO:Ol (AM) Eastern 
Standard Time on April 4, 1968 from Kennedy Space Center, Launch Complex 
39, Pad A. Tracking data from five C-band radars  providing coverage on the 
launch to orbital insertion phase and three providing coverage on the orbital 
phase (revolution 1) were  used in the reduction. 
The post flight reference trajectory used as the standard in the reduction 
is presented in Reference 2. The relation between the vehicle trajectory for the 
first phase of the launch and the various C-band radar  tracking sites is shown 
in  Figure 2. A similar summary for the orbital phase is given in Figure 3. 
Table I contains location data for the launch site and the various tracking 
stations. 
TABLE I. LOCATION OF LAUNCH SITE AND C-BAND TRACKING 
RADARS USED IN TEMS AS-502 REDUCTION 
Site 
Launch Complex 39, 
Pad A 
Patrick Radar (0. 18) 
Merritt Island 
Radar ( 19.18) 
Grand Bahama 
Radar ( 3.18) 
67.18 (FPQ-6) 



























Elevation above the Fischer Ellipsoid 
Elevation of the C-band radar  antenna above the Fischer Ellipsoid 
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FIGURE 2. AS-502 LAUNCH PHASE GROUND TRACK 
100 80 60 40 20 0 20 40 60 80 100 120 140 160 180 160 140 120 100 80 
LONGITUDE, DEGREES 
FIGURE 3. AS-502 ORBITAL PHASE GROUND TRACK 
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The specific tracking data utilization for the launch and orbital phases is 
shown in Figure 4. These data were  determined from an edit pass through the 
TEMS program. The preliminary edited data for  all the radars  were processed 
with the parameter weight matrix (%) and approximation matrix ( e) equal to 
zero. A priori  estimates of zero for  the e r r o r  model coefficients were  also 
entered into the final TEMS computer runs. 
The general approach for  obtaining truncated e r r o r  models to describe 
the AS-501 and AS-502 range, azimuth, and elevation response variables is 
summarized in the following guidelines: 
I) It was  assumed that the survey te rms ,  rate bias te rm,  and the 
azimuth and elevation velocity lag te rms  were not essential in obtaining truncated 
e r r o r  models to describe the response variables. 
( 2) The first two variables entered in the stepwise regression (excluding 
those left out under the assumption in guideline I) were  selected for considera- 
tion in the final TEMS e r r o r  model. 
( 3) A third variable w a s  considered if an adequate description of the 
response variable w a s  not obtained with the first two, or if a constraining 
condition required an additional variable in the model. 
This approach actually results in entering the most significant variables into 
the e r r o r  model. It should be pointed out that the third variable selected in 
guideline ( 3) often involved selecting one of two variables that represented 
borderline cases so far a s  the order  of entry in  the stepwise regression w a s  
concerned; i. e. , the two variables had partial correlation coefficient values 
nearly equal. 
The AS-501 and AS-502 truncated e r r o r  model results obtained using 
guidelines ( I )  through (3 )  are presented in Tables I1 through V. 
observed and computed response variables and the least squares residuals for 
the truncated models are given in Appendixes B and C. 
are also presented. 
Plots of the 
Coefficient correlations 
CONCLUS IONS 
The TEMS Multiple Regression Analysis Method is used in conjunction 
with a stepwise regression procedure to obtain truncated tracker e r r o r  models 
6 
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FIGURE 4. TEMS AS-502 TRACKING DATA UTILIZATION 
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for  representing the systematic e r r o r s  on the Apollo-Saturn AS-501 and AS-502 
flight tests. Guidelines used in  pbtaining the truncated e r r o r  models have re- 
sulted in generally acceptable models for the AS-501 and AS-502 data. Although 
C-band radar  e r r o r  models are used in the TEMS development, the method can 
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APPEND IX  A 
THE C-BAND RADAR TRACKING SYSTEM ERROR MODELS 
The basic radar e r r o r  models for describing the systematic e r r o r s  in 
the range, azimuth, and elevation measurements are given by the following 
equations: 
Range 
AR = co + C ~ R  + c2R + c3t + cq(-o. 022 cosec E) 
Azimuth 
AA = Do + DIA + D 3 i  + D, tan E + D, sec  E + D7 tan E sin A 
sin A cos A $  ( sin A cos A )  
+Dl0 - Y + D8 tan E cos A + D9( 
(A-2)  
+ ~~~i sec  E 
E levation 
AE = Fo + FIE + FsE + F5(-sin A) + F, cos A 
+ F7 [(E sin 022 E - cotan E] -t F9( -XF ') 
The specific physical interpretation of the terms appearing in equations 
( A-I) , (A-2) , and (A-3) are given in Reference 1. These equations require 
modifications, depending on the particular tracking system being considered and 
on the flight trajectory geometry. The IBM 7094 computer program was thus 
developed such that any combination of terms appearing in the e r r o r  models can 
be retained in a given a d j u s b e n t  through the use of appropriate program control 
matrices. 
APPENDIX B 
RESULTS FROM THE APOLLO-SATURN 501 VEH ICLE FLIGHT TEST 
This appendix presents a summary of the results from the Apollo-Saturn 
501 Vehicle Flight Test  launched on November 9, 1967. The Stepwise Regres- 
sion Analysis results for  the first and second burn data are presented in Tables 
B-I and B-11 respectively. Coefficient correlations for  the truncated e r r o r  
models for the first and second burn data are given in Tables B-III and B-IV, 
respectively. 
In the figures (B-1 through B-22) the tracking e r r o r s  for  the various 
radars  are represented by dots. The description of these e r r o r s  as obtained 
from the TEMS least squares adjustment program is represented by the solid 
computed curves. 
The least squares residuals for the truncated e r r o r  models presented in 
this appendix and in Appendix C can be thought of as being composed of random 
e r r o r s  and unmodeled systematic errors. A high random e r r o r  content in the 
data may prevent a systematic e r r o r  of comparable magnitude from being deter- 
mined. The latter errors are those that can be attributed to uncertainties in the 
standard used in establishing the tracking e r r o r s  , unknown systematic e r r o r s  
not absorbed by those that are modeled, or to geometry limitations. 
presence of a significant unmodeled systematic e r r o r  may prevent an adequate 
description of the data from being obtained. 
The 
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TABLE B-I. STEPWISE REGRESSION ANALYSIS RESULTS 
FOR AS-501 FIRST BURN DATA 










































































TABLE B-11. STEPWISE REGRESSION ANALYSIS RESULTS 
FOR AS-501 SECOND BURN DATA 







4. 12 153.8 










TABLE B-111. COEFFICIENT CORRELATIONS FOR THE TRUNCATED 
AS-5Oi FIRST BURN RADAR ERROR MODELS 
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FIGURE B-1. RADAR 0.18 RESIDUALS ON AS-501 
















































TIME I SEC 
FIGURE B-2. RADAR 0.18 RANGE, AZIMUTH, AND ELEVATION 





























FIGURE B-3. RADAR 19.18 RESIDUALS ON AS-501 
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FIGURE B-4. RADAR 19.18 RANGE, AZIMUTH, AND ELEVATION 
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FIGURE B-5. RADAR 3.18 RESIDUALS ON AS-501 
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FIGURE B-6. RADAR 3.18 RANGE, AZIMUTH, AND ELEVATION 
































FIGURE B-7. RADAR 7.18  RESIDUALS ON AS-501 
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FIGURE B-8. RADAR 7 .18  RANGE, AZIMUTH, AND ELEVATION 
ERRORS ON AS-501 FIRST BURN DATA 
24 
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TIME I SEC 
FIGURE B-9. RADAR 67.16 RESIDUALS ON AS-501 
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FIGURE B-IO. RADAR 67.16 RANGE, AZIMUTH, AND ELEVATION 
ERRORS ON AS-501 FIRST BURN DATA 
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TIME , SEC 
FIGURE B-11. RADAR 67.18 RESIDUALS ON AS-501 
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FIGURE B-12. RADAR 67.18  RANGE, AZIMUTH, AND ELEVATION 






































FIGURE B-13. RADAR 1.16 RESIDUALS ON AS-501 




















































FIGURE B-14. RADAR I. 16 RANGE, AZIMUTH, AND ELEVATION 














































TIYE , x c  
FIGURE B-15. RADAR 19.18 RESIDUALS ON AS-501 

































TIME , SEC 
FIGURE B-16. RADAR 19.18 RANGE, AZIMUTH, AND ELEVATION 
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FIGURE B-17. RADAR 3.18 RESIDUALS ON AS-501 
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FIGURE B-18. RADAR 3.18  RANGE, AZIMUTH, AND ELEVATION 
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FIGURE B-19. RADAR 91-18 RESIDUALS ON AS-501 


















. E  
C 
TIM€ , SEC 
I 












FIGURE B-20. RADAR 91.18 RANGE, AZIMUTH, AND ELEVATION 





























FIGURE B-2L RADAR 67.18 RESIDUALS ON AS-501 




FIGURE B-22. RADAR 67.18 RANGE, AZIMUTH, AND ELEVATION 
ERROKS ON AS-501 SECOND BURN DATA 
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APPENDIX C 
RESULTS FROM THE APOLLO-SATURN 502 VEHICLE FLIGHT TEST 
This appendix presents a summary of the results from the Apollo-Saturn 
502 Vehicle Flight Test  launched on April 4, 1968. The Stepwise Regression 
Analysis results for the AS-502 data are given in Tables C-I and C-11. Coef- 
ficient correlations are given in Tables C-I11 and C-IV. 
deltas, computed deltas, and the least squares residuals are presented in 
Figures C-I through C-16. 
represented by dots in these figures. 
from the TEMS least squares adjustment program is represented by the solid 
computed curves. 
Plots of the observed 
The tracking e r r o r s  fo r  the various radars  are 
The description of these e r r o r s  a s  obtained 
39 
TABLE C-I. STEPWISE REGRESSION ANALYSIS RESULTS 
FOR AS-502 LAUNCH PHASE DATA 
40 
TABLE C-11. STEPWISE REGRESSION ANALYSIS RESULTS 
FOR AS-502 ORBITAL PHASE (REV. I) DATA 
41 
TABLE C-III. COEFFICIENT CORRELATIONS FOR THE TRUNCATED 




















Co I. 0 -0.31 0.66 0.04 0.0 0.04 CO 
I. 16 
Cz 1.0 0.39 -0.14 0.0 0.03 
0.0 
0.01 
, ~ I. 0 
C4 1.0 -0.05 0.0 0.06 
42 
Do I. 0 0. 15 0.0 
D, I. 0 0.0 
Fg 1.0 
Co 1.0 
C i  
-0.90 0.20 0.01 -0.03 
1.0 -0.31 -0.01 0.04 
Cz 1.0 0.04 -0.14 
Do 1.0 0.18 
D, 1.0 
TABLE C-IV. COEFFICIENT CORRELATIONS FOR THE TRUNCATED 
AS-502 ORBITAL PHASE (REV. 1) ERROR MODELS 
3. 18 
DO I 1 .0  1-0.81 I 0.02 
I I 
1.0 1.0 -0.07 -0.20 -0.29 






























FIGURE C-I. RADAR 19.18 RESIDUALS ON AS-502 
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FIGURE C-2. RADAR 19.18 RANGE, AZIMUTH, AND ELEVATION 








































FIGURE C-3. RADAR 0.18 RESIDUALS ON AS-502 
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FIGURE C-4. RADAR 0.18 RANGE, AZIMUTH, AND ELEVATION 
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FIGURE C-5. RADAR 1.16 RESIDUALS ON AS-502 


































FIGURE C-6. RADAR 1, 16 RANGE, AZIMUTH, AND ELEVATION 


















































FIGURE C-7. RADAR 67.18 RESIDUALS ON AS-502 
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FIGURE C-8. RADAR 67.18 RANGE, AZIMUTH, AND ELEVATION 
ERRORS ON AS-502 LAUNCH PHASE DATA 
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FIGURE C-9. RADAR 3.18 RESIDUALS ON AS-502 
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FIGURE C-IO. RADAR 3.18  RANGE, AZIMUTH, AND ELEVATION 
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FIGURE C-I I .  RADAR 0.18 RESIDUALS ON AS-502 
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FIGURE C-12. RADAR 0.18 RANGE, AZIMUTH, AND ELEVATION 

























FIGURE C-13. RADAR 3.18 RESIDUALS ON AS-502 
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FIGURE C-14. RADAR 3.18 RANGE, AZIMUTH, AND ELEVATION 
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FIGURE C-15. RADAR 19.18 RESIDUALS ON AS-502 

































FIGURE C-16. RADAR 19.18 MNGE,  AZIMUTH, AND ELEVATION 
ERRORS ON AS-502 ORBITAL PHASE (REV. 1) DATA 
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